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Abstract.  This paper estimates the value of the ecosystem good comprised by fish in the human 24 
diet by calculating the costs to replace it by protein from meat, from grains and legumes, or from 25 
dairy products. We apply the World Trade Model, an input-output model of the interactions 26 
among major world regions based on comparative advantage, to analyze alternative scenarios 27 
about protein content and sources in global diets. We find that the substitution of fish by meat or 28 
dairy entails several trillion US dollars of additional costs annually, corresponding to increased 29 
use of pastureland, cropland, water, and other factors of production.  The price of animal 30 
products increases steeply as higher-cost producers need to come online, yielding rents to owners 31 
of scarce resources. By contrast, the global economy adjusts at significantly lower costs to the 32 
substitution of fish by grains and legumes, but this dietary shift involves substantial modification 33 
in the mix of agricultural output and its geographic distribution. There have been few analytic 34 
studies able to associate costs and prices directly with specific combinations of dietary options. 35 
We provided a flexible economic framework for analyzing alternative scenarios about the 36 
present and future production of food. The focus on the provision of protein for the human diet, 37 
allowing for substitutions between land-based and aquatic sources, lays the groundwork for 38 
subsequent closer examinations of the potential future contribution of aquaculture and, in a yet 39 
broader framework, the impact of the coming generation of large dams on fish habitat and 40 
freshwater ecosystems more generally. 41 
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1. Introduction  47 
 48 
The intake of animal protein in human diets increased substantially over the course of the 20th 49 
century. Between 1961 and 2014 the global average per capita consumption of meat and fish 50 
combined almost doubled from eleven to twenty grams per day, growing from eight to fifteen 51 
grams for meat and from three to five grams for fish (FAO 2016). Meat and fish represent today 52 
45% and 17% of total intake of animal protein, respectively, although their contributions differ 53 
substantially by continent (Béné et al. 2015) (Figure 1). The factors driving the increase, mainly 54 
ease of trade in perishables, growing population, and greater affluence in developing countries 55 
(Porkka et al. 2013), are projected to remain important for decades to come as the nutritional 56 
content of diets in developing countries continues to improve. Since global population is 57 
expected to reach at least nine billion by 2050 with most of the increase in developing countries, 58 
the ability to keep up with food demand is a substantial concern.  The problematic environmental 59 
impacts of global livestock production are evident and well documented, and the competition 60 
between conservation of natural vegetation for environmental sustainability and land clearance 61 
for food production will become more intense (Lambin and Meyfroidt 2011).   62 
 63 
Insert Figure 1 64 
 65 
As for fish in the diet, the future expansion of global production is also questionable.  Global 66 
wild marine capture leveled off in the 1990s, mainly due to overexploitation or even collapse of 67 
some marine stocks (Figure 2).  While inland wild capture more than doubled over the last three 68 
decades (Welcomme 2001 and FAO 2016), inland stocks are at risk from degradation of aquatic 69 
ecosystems due both to pollution and dam development, which is expected to further increase 70 
substantially over the rest of the century (Orr et al. 2012, Friend et al. 2009). As a result, it is 71 
unlikely that the contribution of inland capture to global production, currently at 4%, will grow 72 
significantly, if at all, in decades to come. The notable area of expansion since the 1980s is 73 
aquaculture, an industrialized approach to fish production, practiced mainly in Asia for domestic 74 
consumption as well as export. Measured by weight, aquaculture’s output was equivalent to 25% 75 
of marine wild capture in 1990 and by 2013 actually exceeded it (Figure 1 and Table S1 in the 76 
Supplementary Information, SI).  Further expansion of aquaculture could make it feasible for 77 
fish production to keep up with global demand, but the prospects are highly problematic, with 78 
growing calls for regulation of environmental impacts associated with the sources of inputs and 79 
with marine pollution and health problems associated with dense stocking and highly 80 
concentrated wastes (Naylor et al. 2000 and 2009, Troell et al. 2014, Hamilton et al. 2016).    81 
 82 
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Insert Figure 2  83 
 84 
A growing literature identifies the many concerns surrounding the global provision of food, now 85 
and in the future, and suggests diverse strategies as potential solutions. While increase in 86 
agricultural production is widely recognized as necessary, a focus exists on promoting 87 
technologies with better environmental performance, sustainable use of land and water, a new 88 
look at small-scale production systems, and reduction of waste along the food supply chain. 89 
However, we observe that two important aspects do not receive adequate attention in that 90 
narrative. First, it is frequently recognized in the literature that the quantity and composition of 91 
diets, level of affluence, choices among technologies, availability of arable land and water, 92 
global trade in food, and food prices are highly inter-related in ways not adequately captured in 93 
existing analytic approaches. Second, but much less discussed, is that the unique role of fish in 94 
the human diet is scarcely examined in relation to challenges to fish stocks. If the critical 95 
conditions of the latter continue to deteriorate, and if the expansion of aquaculture proves to be 96 
problematic, then the challenges facing the global supply of food are compounded by the need to 97 
provide adequate supplies of protein in particular. 98 
 99 
We respond to this assessment of the literature by proposing a framework that explicitly 100 
represents these interactions in terms of both their physical aspects and associated economic 101 
implications.  We apply this framework to scenarios based on alternative sources of dietary 102 
protein to evaluate the importance of maintaining fish protein in the global supply of food. This 103 
paper estimates the global economic value of fish in the human diet, and that of the supporting 104 
ecosystem services. We investigate how the global economy could respond to the loss of fish in 105 
the human diet and at what additional cost. Calculations take account of the embodied resources 106 
and production processes for providing well-defined substitutes to fish protein, namely 107 
expanding the availability of protein from meat, from grains and legumes, or from dairy 108 
products.  109 
 110 
We find that protein from dairy products represents the costliest substitute for fish protein, 111 
followed by protein from meat, with grains and legumes the option of lowest additional cost.  All 112 
these options are costlier than protein from wild-caught fish, in which case nature provides the 113 
living space, the food input, and the waste disposal (Westhoek et al. 2011 and 2014, Reijnders 114 
and Soret 2003, Pimentel and Pimentel 2003).  By contrast, the human activities for raising 115 
livestock call on a different mix of inputs in most parts of the world, predominantly land, feed, 116 
and water. We find that, relative to baseline conditions, the substitution of fish by dairy requires 117 
expansions of 29%, 25%, and 13% in the use of cropland, pastureland, and water, respectively, 118 
while for the substitution by meat the increases are comparable at 26%, 29%, and 10%, 119 
respectively. As a consequence, world prices for meat products increase substantially in both 120 
cases, and the prices of grains and other crops also rise.  The substitution of fish by grains and 121 
legumes entails substantial increases in the use of cropland (26%) and water (15%) but only a 122 
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negligible increase in pastureland, the main reason for the lower cost relative to the other options 123 
analyzed.    124 
 125 
The rest of the paper is organized as follows. Section 2 reviews key articles identifying the main 126 
emerging challenges facing the global food system and some of the options for addressing them, 127 
and it situates the present study with respect to this literature.  Section 3 introduces the economic 128 
model, the associated database, and the design of scenarios. Section 4 presents the numerical 129 
results of the scenario analysis, and section 5 discusses them, offering conclusions and next 130 
steps.  The Supplementary Information (SI) describes the mathematical model, the relationship 131 
between the material and economic relationships, and several tables of more detailed data than 132 
what appears in the text. 133 
  134 
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2. Review of the literature  135 
 136 
The last decade has seen a substantial increase in the number of studies on the present and future 137 
adequacy of the global system of food supply. The main concern is environmental sustainability, 138 
and the overall conclusion is cautiously positive although substantial modifications of current 139 
production systems and consumer behavior are required. We organize the discussion around 140 
demand for food (in Section 2.1), production and technology (Section 2.2), and resource 141 
requirements (Section 2.3).  We also review previous studies of the challenges facing the global 142 
food system (in Section 2.4).  We conclude that the importance of fish is under-estimated in this 143 
literature, given the progressive deterioration of fish stocks. This literature stresses the lack of, 144 
and need for, analytic frameworks that reflect the web of interdependencies that characterize the 145 
global food system. In this paper we propose one such framework, which is used in the analyses 146 
reported below. 147 
 148 
 149 
2.1. Global demand for food, population, diets, and waste management 150 
 151 
Two widely cited studies by Alexandratos et al. (2006) and Alexandratos and Bruinsma (2012) 152 
estimate that global food supply in 2050 will need to increase by between 60-70% relative to 153 
2005-07 levels under a business-as-usual (BAU) scenario. While output of all food products 154 
increases, the rates differ, from 45% for cereal grains, 75% for meat products, to 90% for 155 
oilseeds. Tilman et al. (2011) conclude that global crop production, including feed for livestock 156 
and aquaculture, needs to increase by 100-110% (relative to 2005) to meet demand in 2050; 157 
Fischer et al. (2014) estimate crop demand in 2050 at 60% higher than in 2010; Springer and 158 
Duchin (2013) estimate increases by 2050 for crops (up to 51%), rainfed cereals (up to 96%), 159 
irrigated cereals (up to 136%), and livestock (up to 130%), all relative to 2000, based on 160 
alternative assumptions regarding changes in diets and agricultural technologies. Bijl et al. 161 
(2017) estimate an increase in crop demand of 70% relative to 2010 under a BAU scenario, 162 
mainly composed of higher demand for feed crops required to increase caloric intake from 163 
animal products. Hubert et al. (2010) estimate increases of 56% for cereals, 41% of which to be 164 
utilized as feed, in the 2000-2050 period, and Valin et al. (2014) estimate an increase of 59% to 165 
98% for food demand, which turns out to be more sensitive to socioeconomic assumptions than 166 
to climatic variance. While the comparability of these estimates depends on various assumptions 167 
and scenarios, there is unanimous consensus on the main driving factors, population and 168 
affluence, and similar magnitudes for the required increases in food production. 169 
 170 
The latest projection from the United Nations for population in 2050 is 9.7 billion, with 50% of 171 
the increment (over 2007) in Africa and another 40% in Asia (United Nations 2017). The 172 
contribution of population growth to increased food demand is expected to diminish while per 173 
capita income continues to increase, especially in developing countries (Hertel 2015, Godfray 174 
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and Garnett 2014, Bijl et al. 2017). Most people currently consume a largely plant-based diet, 175 
voluntarily or not.  In developing countries this diet is largely involuntary due to limited 176 
availability of affordable animal-based foods. Many plants are low in protein content and lack 177 
one or more amino acids required for human nutrition. Consequently, protein deficiency is the 178 
most common form of global malnutrition, a situation from which about 10% of the world's 179 
population currently suffers (FAO, IFAD and WFD 2015). Increased affluence boosts food 180 
demand through modification of diets; a transition towards animal protein, particularly from 181 
land-based sources, is well underway in the developing world (Alexandratos and Bruinsma 2012; 182 
Godfray and Garnett 2014). If observed diet trends continue, the caloric content of the average 183 
global diet in 2050 would contain 23% more pork and poultry, 31% more meat, 58% more dairy 184 
and egg, and 82% more fish and seafood (Tilman and Clark 2014). This outcome, however, is 185 
unlikely, especially given the deteriorating state of fish stocks. 186 
 187 
One approach to resolving the dilemma is waste management along the food supply chain (Foley 188 
et al. 2011; McKenzie and Williams 2015; Searchinger et al. 2014). Although the figures are 189 
subject to uncertainty (Parfitt et al. 2010), it has been estimated that about 24% of the caloric 190 
content (32% by weight) of all food produced is lost: about 35% of the loss occurs at the 191 
consumption stage, while production and storage are responsible for a quarter each (Lipinski et 192 
al. 2013). A 50% reduction in food loss and waste can provide substantial reductions in resource 193 
use by 2050 (14% less cropland and 9% less pastureland; and 15% less water use and 23% less 194 
greenhouse gas emissions) and is regarded as a sine qua non condition for satisfying future food 195 
demand (Bajželj et al. 2014). While the potential of waste reduction in promoting food security 196 
by 2050 is significant, it may have a weaker impact than diet change: one study estimates that a 197 
100% reduction in overall waste reduces food demand in 2050 by 10% relative to a BAU 198 
scenario, whereas global convergence to a low-meat diet reduces it by 41% (Bijl et al. 2017), a 199 
result that is consistent with Valin et al. (2014), which highlights the increasing importance of 200 
diet choices in determining the adequacy of the future food supply.  201 
 202 
2.2 Sustainable intensification of agriculture, yield gaps, and production systems 203 
 204 
The current system of food production could provide the volume and composition of food 205 
required by 2050 only by increasing the use of water and fertilizers to improve crop yields 206 
(Mueller et al. 2012; Grafton et al. 2015, Fischer et al. 2014). Such intensification, however, 207 
cannot extend the Green Revolution due to generalized soil degradation, water pollution, and 208 
biodiversity loss caused by impaired ecosystems and land conversion (Foley et al. 2011; Chartres 209 
and Noble 2015; Erisman et al. 2016).  210 
 211 
Technological optimism based on 20th-century agricultural developments has eroded because a 212 
“biophysical plateau” limits potential yields to about 20% above the current average global level 213 
(Licker et al. 2010; Hertel 2015; Fischer et al. 2014; Ehrlich and Harte 2015a). The gap between 214 
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potential and actual yields, however, remains substantial for many world regions, including 215 
Africa, much of Latin America, and Eastern Europe (Neumann et al. 2010). Closing this gap 216 
could substantially increase output: a worldwide 95% reduction could increase supply by 58% 217 
for selected crops (Foley et al. 2011). From a global perspective, selective increases in use of 218 
agricultural chemicals are found to be more important for closing the yield gap than extending 219 
irrigation, but the undesirable environmental implications of nutrient intensification can also be 220 
substantial (Licker et al. 2010; Mueller et al. 2012). Global investment in agricultural R&D in 221 
developing countries has been increasing, mainly in China and India, with other regions, 222 
especially Africa, lagging (Beintema et al. 2012).  223 
 224 
Increased food demand also has implications for the mix of production systems, e.g., large-scale 225 
monoculture or small-scale polyculture (Godfray and Garnett 2014). The dominance of 226 
monoculture, mainly in large-scale units in North America and Europe (FAO 2014), raises 227 
concerns about environmental vulnerability (Altieri et al. 2015; Tilman and Clark 2015).  Small-228 
scale agriculture is practiced mainly in Asia, Africa and Latin America on over 500 million 229 
family farms of less than two hectares, supporting the livelihoods for 1.5 billion people 230 
(Wolfenson 2013) and supplying about 20% of total crops (Altieri 2009; FAO 2014). Several 231 
studies conclude that small-scale polyculture is more productive than large-scale monoculture in 232 
terms of total output, enabling provision of a more complete set of nutrients per unit of land 233 
(Altieri 2009; Zhang et al. 2014; Ebel et al. 2017; Pittelkow et al. 2015; Tscharntke et al. 2012). 234 
Higher genetic diversity in small-scale polyculture also contributes to resilient food production in 235 
a context of rapid environmental change (Altieri 2009, Altieri et al. 2015, Jacobsen et al. 2015, 236 
Bellon et al. 2018), and its role is considered as increasingly important for global food security 237 
(Altieri et al. 2012, and 2015, Hengstler 2015, Tscharntke et al. 2012 Erisman et al. 2016). 238 
 239 
2.3 Land and water use and the impacts of climate change 240 
 241 
Globally, 1.4 billion hectares of land are considered “prime” or “good” and could be brought into 242 
production to supplement the 1.6 billion hectares currently in use, according to Alexandratos and 243 
Bruinsma (2012). How many of these will actually become active depends on the balance 244 
between seeking higher yields vs. expansion to increase output. Estimates for future land 245 
expansions in the literature reflect a variety of assumptions. For instance, the satisfaction of 246 
future food demand in China alone could require expanding in-use agricultural land by 70 247 
million hectares in Africa and Latin America (Yu et al. 2016).  Another study estimates that 248 
global food demand will require about an additional 200-300 million hectares over the same 249 
period, also mainly in Africa (Schmitz et al. 2014). In the absence of technological 250 
improvements and of dietary moderation in developed countries, in-use land in 2050 could be 251 
87% higher than in 2000, also mainly in Africa and Latin America, whereas the increase is kept 252 
to 46% under a combination of new technologies and diet moderation (Springer and Duchin 253 
2013).  254 
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 255 
Ecosystem degradation and biodiversity loss are intimately associated with land conversion for 256 
food production (Tilman and Clark 2015; Ehrlich and Harte 2015b; Godfray and Garnett 2014). 257 
A clear trade-off exists between food production and environmental protection (Godfray and 258 
Garnett 2014, Delzeit et al. 2017), and sustainability requires the establishment of conversion 259 
limits (Hertel 2015).  Climate change can affect the geographical distribution of agricultural 260 
land, increasing endowments in higher latitudes and decreasing them in tropical regions (Juliá 261 
and Duchin 2007). Depending on climatic assumptions, satisfying food demand by the end of the 262 
century could require conversion of between 100 and 700 million hectares of forest into cropland 263 
and pastureland, mainly in Africa and in Latin America (Juliá and Duchin 2013). The prospects 264 
of land expansion for food production and the need for environmental conservation call for new 265 
approaches to agriculture that reconcile the adequacy of output, rural livelihoods, and 266 
conservation of biodiversity (Ehrlich and Harte 2015a, Tscharntke et al. 2012).  267 
 268 
Since 1995 at least a third of the world’s population lives under moderate to severe water stress, 269 
and the fraction is expected to increase under several climate change scenarios for 2025 270 
(Vörösmarty et al. 2000), for 2050 (Gosling and Arnell 2016) and for the end of the century 271 
(Hanasaki et al. 2013). Irrigation is set to play a significant role in expanding food production by 272 
2050 (Alexandros and Bruinsma 2012), and water withdrawals would need to rise by up to 83% 273 
relative to 2010 (Hanjra and Qureshi 2010), or 93% relative to 2000 (Springer and Duchin 2013), 274 
in all cases well beyond the “safe operating space” of future water management (Grafton et al. 275 
2015). Increased competition over water will reduce its availability for irrigation by 2050 276 
(Strzepek and Boehlert 2010, Elliott et al. 2014). Given that 30% of 2010 withdrawals were 277 
already deemed unsustainable, and that the fraction could grow to 40% by end-of-century (Wada 278 
and Bierkens 2014), future water sustainability would require limiting both over-extraction of 279 
groundwater and diversion of surface water. Flood irrigation still dominates on at least 80% of 280 
the global irrigated area (FAO 2016): the adoption of more efficient irrigation technologies can 281 
reduce requirements per unit of food output (Jägermeyr et al. 2016).  On the basis of these 282 
studies, technologies that conserve water need to be accorded a high priority.  283 
 284 
 285 
  286 
2.4. Empirical studies using the World Trade Model (WTM) 287 
 288 
Several studies regarding the future provision of food have been carried out using the WTM 289 
(Duchin, 2005a). Duchin (2005b) described a framework to integrate resource requirements and 290 
stocks into an input-output (IO) model of global food production, realized in the WTM. Juliá and 291 
Duchin (2007) conclude that shifts in comparative advantage in agricultural production would 292 
make it possible to satisfy 1990 levels of global food demand under climate change assumptions 293 
although at somewhat higher prices for food.  In a follow-up study, (Juliá and Duchin, 2013) 294 
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they conclude that future global food demand for 2100 will lead to significant increases in food 295 
prices as well as requiring further conversion of intact forests for agricultural uses.   296 
 297 
Springer and Duchin (2014) specify explicit changes in diet, namely more animal products in 298 
developing regions offset by a reduced portion of calories from animal products in industrialized 299 
regions.  They conclude that moderate improvements in agricultural productivity in developing 300 
regions, especially in Africa, could make it possible to satisfy global demand for food by mid-301 
century, using resources sustainably and without sharp increases in food prices.  This is achieved 302 
by a massive shift from developed to developing countries in food production and exports, in 303 
particular Sub-Saharan Africa. They find that environmental benefits from reducing animal 304 
products in the diet in rich countries offset only a small share of resource requirements for 305 
improving diets in the far more populous developing countries.   306 
  307 
The present study builds on this body of work in several ways.  It specifies potential changes in 308 
demand for food and uses the WTM to allow for choices among alternative technologies subject 309 
to factor constraints, with available land and water treated as factors of production.  Dietary 310 
assumptions focus on the quantity and sources of protein, a critical aspect of food sufficiency 311 
that has not yet gotten adequate attention.  The major sources of animal protein in the diet are 312 
meat and fish, and the study sets out to quantify the economic and environmental implications of 313 
diets leaning more heavily on one or the other, or on plant-based options. 314 
3. Modeling approach 315 
 316 
3.1 The WTM with choice of technologies and database 317 
 318 
The study implements a version of the WTM that incorporates the logic of the Rectangular 319 
Choice of Technologies (RCOT) model for each region (Duchin and Levine, 2011 and 2012). 320 
The resulting WTM/RCOT model, which is provided in the SI, consists of two interrelated 321 
components. The so-called primal model assigns production to regions according to comparative 322 
advantages generalized to the case of m regions, n sectors, and k factors of production. The 323 
complementary dual model determines commodity prices of traded products and scarcity rents 324 
on fully utilized resources and other factors of production. The database includes two rectangular 325 
matrices of parameters, 𝐀𝑖
∗ and 𝐅𝑖
∗, containing requirements for intermediate inputs and for 326 
factors of production, respectively, for each region i. Table S2 in the SI describes the exogenous 327 
and endogenous variables. 328 
 329 
In addition to labor and built capital, land as factors of production, the database also 330 
distinguishes as factors pastureland, cropland, surface water and liquid groundwater, and fish. 331 
The Baseline scenario uses the GTAP database for 2007 (Narayanan, 2012 and 2015), 332 
supplemented by a variety of other sources described in the SI. We aggregate the GTAP database 333 
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to 48 sectors (Table S3 in the SI), of which twelve are agricultural: eight crops and four types of 334 
livestock. We work with 14 regions, distinguishing those with large economies, populations, land 335 
areas, and water withdrawals, and with diverse climates (Table S4 of the SI), and we construct 336 
for each region a vector of endowments of factors of production, mostly in physical units (Table 337 
S6 for the regional detail for cropland and pastureland and for fish, along with data sources). The 338 
fishery sector has two technology options, wild capture and aquacultural production; and 339 
livestock production may utilize pastured or confined technologies (data sources in Table S5 in 340 
the SI).  Finally, Baseline data for final demand for fresh fish, processed fish, fresh meat, and 341 
processed meat are shown in Table S7 in the SI, while assumptions for changes in final demand 342 
under alternative scenarios are given in Table S8.   343 
 344 
 345 
3.2. Scenarios 346 
 347 
We first construct a Baseline Scenario, S0, to represent the global economy in the base year 348 
(2007).  Six experimental scenarios represent alternative dietary sources of protein.  Scenario 349 
S1A has four variants, under which 25%, 50%, 75%, or 100% of protein from fish is obtained 350 
instead from meat.  Under Scenario S1B, fish protein is substituted by plant-based sources, and 351 
under S1C, the source of the replacement is from dairy products.  Under Scenario S2, at the other 352 
extreme, fish and fish products replace all meat and meat products in the diet. These assumptions 353 
are implemented by modifying both intermediate and final demand for different sources of 354 
protein.   355 
  356 
From the point of view of human health, the substitution between meat and fish is best represented 357 
in terms of a unit measuring nutritive content.  However, we have found it convenient to use money 358 
values to measure these products in our database, as it is the unit used in our data sources, and we 359 
consider the choice a reasonable approximation for the following reasons.  Most meats and fish 360 
are roughly comparable in grams of protein per unit of mass (about six to seven grams per ounce) 361 
and in nutritional value more generally (Gebhardt and Thomas 2002, Drewnowski 2010, Dolson 362 
2015).  Furthermore, the price per kg of most varieties of fish and of the most widely consumed 363 
meats, namely poultry and pork, are roughly comparable (OECD-FAO 2014).  For a more detailed 364 
analysis, these sectors could be disaggregated to distinguish the major sources of meat and fish 365 
protein by mass and take account of the mass equivalents for specific nutrients, in particular protein 366 
and fats, as done for other substitutions (FAO 2017). The Supplementary File addresses how these 367 
equivalences are obtained for this implementation.  368 
 369 
When all animal protein is from livestock under Scenario S1A, we reduce intermediate and 370 
consumer demand for fresh fish and processed fish (two rows in 𝐀𝑖
∗, and two components of yi, 371 
respectively) to zero and add these quantities to the two rows of intermediate demand and the 372 
two components of final demand for livestock and processed meat, respectively; this 373 
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manipulation effectively increases global demand for livestock by 47% and for processed meat 374 
by 75% when compared to the Baseline Scenario, S0 (Table S8 in the SI for the regional 375 
breakdown of these changes). To make a modest but reasonable allowance for expanded 376 
livestock production under S1A, we increase the pastureland endowment for each region over the 377 
Baseline Scenario by 10% of region-specific endowments of unmanaged land, savannah and 378 
grasslands deemed available for grazing animals.  Scenario S2 eliminates all intermediate 379 
demand and consumer demand for livestock and meat products and augments demand for fish by 380 
the corresponding amounts.  The purpose of this scenario is to evaluate the rates of expansion of 381 
fish stocks that would be needed to make this possible.   382 
 383 
We next implement variants of Scenario S1A where only 25%, 50% and 75% of fish in the diet, 384 
respectively, is substituted by livestock.  Scenario S1B substitutes fish by grains and legumes 385 
(including paddy rice, wheat, beans, cereal grains, nuts and seeds, and vegetables) and a wide 386 
variety processed foods. Scenario S1C substitutes fish and processed fish by dairy products. 387 
Table 1 summarizes the assumptions behind these scenarios.  388 
  389 
 390 
Insert Table 1 391 
 392 
4. Results 393 
4.1 Changes in global output of livestock, processed meat, and grains  394 
 395 
The first set of results shows that the substitution of all fish by meat (Scenario S1A), by grains 396 
and legumes (Scenario S1B), and by dairy products (S1C) all have feasible solutions. This means 397 
that the portion of dietary protein provided by fish in the base year could in principle be obtained 398 
from livestock, dairy products, or grains and legumes through fuller utilization of available 399 
resources and shifts in the international division of labor. In principle, this result suggests that if 400 
fish stocks for wild capture continue to deteriorate, it is possible to supply nutritionally adequate 401 
substitutes for the global economy. By contrast, the substitution of meat by fish (under Scenario 402 
S2) does not have a feasible solution. Repeated runs of S2 show that the substitution of dietary 403 
protein from meat by fish would require maintaining global stocks of wild fish at about double 404 
their current average levels or increasing aquaculture nearly threefold.  These conditions are 405 
unlikely for wild capture, and we leave the exploration of the limits for aquaculture to another 406 
study.  For present purposes we regard S2 as infeasible and focus on a closer examination of the 407 
results of Scenarios S1A, S1B, and S1C. 408 
 409 
When all fish is replaced by meat under Scenario S1A, the processed meat sector increases its 410 
output by 75% relative to the Baseline Scenario, almost double the rate of increase required of 411 
the livestock sector (39%).  Global grain production increases significantly to satisfy higher input 412 
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demand from the meat sectors. However, global grain production increases by only 10% because 413 
meat production still depends mainly on grazing and is not now the major use of grain (Tables 414 
S9 and S10 in the SI show the regional breakdown of the global figures). When legumes and 415 
grains provide the protein otherwise obtained from fish (Scenario S1B), the increases in output 416 
of meat-related sectors are less dramatic than under Scenario S1A, while global grain output 417 
increases by 8%, explained by direct consumption on final demand rather than indirect use as an 418 
input for production. (Table S11 shows the regional breakdown of the global figures).  Under 419 
Scenario S1C, where dairy products substitute for fish, the global outputs of the livestock sector 420 
and the associated processed products increase by 26% and 53% relative to the Baseline, driven 421 
mainly by inter-industry demand from the dairy sectors (Table S11 in the SI shows the regional 422 
breakdown for these global figures). Under this scenario, the grain global output increases by 423 
5%, mainly to satisfy intermediate requirements from the dairy, livestock, and the processed 424 
meat sectors.  425 
 426 
Insert Table 2 427 
 428 
4.2. Changes in the use of water, pasture land and cropland  429 
 430 
Scenarios involving substitution of fish by meat (S1A) or by dairy (S1C) require substantially 431 
expanded use of pastureland (29% and 25% relative to S0, respectively), as well as of cropland 432 
(26% and 29%) and water (10% and 13%). However, the percentage increase in pastureland 433 
under S1A is smaller than the increase in livestock production (Table 3) because a portion of the 434 
increase in the latter is provided by regions dominated by confined animal husbandry. Similarly, 435 
while the global use of cropland is 26% higher under S1A relative to S0, global water 436 
withdrawals increase by only 10%. This is explained by the variability in water intensity of 437 
different livestock systems and by an observed shift under S1A from irrigated to rainfed 438 
agriculture.  (Table S12 in the SI shows the regional breakdown of resource use under Scenario 439 
S1). 440 
 441 
Insert Table 3 442 
 443 
Changes in resource use under Scenarios S1A are also shown in Table 3. In the case of water 444 
use, a 25% substitution of fish by meat leads to a 6% increase in water withdrawals, rising to 445 
10% under the 100% substitution.  Increases in the use of pastureland and cropland are also low -446 
- until 75% of fish is substituted by livestock.  (Table S13 in the SI shows the regional 447 
breakdown of the S1A scenario results.)  By contrast, the substitution by grains and legumes 448 
under S1B requires a 26% increase in the use of cropland and a 15% increase in water 449 
withdrawals but negligible change in the use of pastureland (Table S14 in the SI shows the 450 
regional breakdown). The results suggest that the global economy would require a more 451 
intensive use of these categories of land and water if fish stocks were lost as protein sources for 452 
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the human diet. The projections reported in the literature (Section 2) for resource requirements to 453 
satisfy future demand for food are systematically under-estimated if land-based protein sources 454 
are needed to compensate for the potential loss of fish as a substantial source of animal protein.  455 
 456 
4.3. Impacts on global economic costs and on prices  457 
 458 
Global money incomes must be adequate to cover all outlays for purchases, and this is assured in 459 
our modeling framework (shown as equation (9) in the SI), which reconciles the primal and dual 460 
models. The difference in total factor costs associated with a particular scenario, relative to the 461 
Baseline scenario, reflects changes in the quantities of factors employed and changes in their unit 462 
prices. Substitution by dairy products (scenario S1C) increases global economic costs by about 463 
$3 trillion a year, followed by the substitution by meat products (S1B), which augments costs by 464 
$2.8 trillion. The increase for the substitution of fish by legumes and grains (S1C), at $1.8 465 
trillion, is the least costly of the analyzed options (Figure 3). In all cases, price increases reflect 466 
the need for higher-cost producers to supplement the output capacities of the lower-cost 467 
producers, resulting in greater factor use and non-zero rents on those resources that have become 468 
scarce.  469 
 470 
Price increases for individual products are shown in Table 4 for all scenarios as percentage 471 
changes relative to the Baseline Scenario. With substitution of all fish by meat (Scenario S1A), 472 
the prices for livestock related products increase substantially, including for processed meat 473 
(82%), for livestock (72%), and for other animal products (69%). There is also a small increase 474 
in grain prices (10%). Most of the price increases occur only after 75% of fish has been replaced 475 
in the diet, consistent with the increases in resource use reported earlier and the behavior shown 476 
in Figure 3. These results suggest the potential to increase meat output substantially before 477 
needing to supplement output furnished by the very high-cost producers.  As animal production 478 
increasingly moves from outdoor grazing to confined environments, the stock of built capital for 479 
this sector could replace pastureland as a potential constraint on output expansion. We examine 480 
the sensitivity of our results if built capital for industrial husbandry is increased and find that it 481 
would be adopted (because of lower cost) in more regions. However, a fuller cost comparison 482 
regarding confined livestock production would require accounting for the costs of assuring safe 483 
handling of the concentrated wastes, which is beyond the scope of this paper. 484 
 485 
Insert Table 4 486 
 487 
5. Discussion and concluding remarks 488 
 489 
Is the global system of food production capable of generating a nutritionally adequate diet for an 490 
expanding population over the next several decades?  This question receives a cautiously 491 
positive answer in the scientific literature reviewed in Section 2, with areas of concern including 492 
resource scarcity, environmental degradation, and diminished opportunities for improving yields. 493 
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Strategies for facing these challenges that are discussed in the literature include expansion onto 494 
additional land, technological change, reduction of food waste, and adoption of less resource-495 
intensive diets. However, these strategies need to be revisited taking nutritional adequacy into 496 
account.  We attempt to do that here by focusing on the contribution of fish to the human diet 497 
and its dependence on assuring the integrity of fish stocks. Overfishing and pollution 498 
systematically reduce wild catch in both marine and freshwater environments, and current 499 
prospects for mega-sized dams portend the further degradation of fish habitat, especially in 500 
developing countries. Furthermore, while the output of aquaculture grew substantially in recent 501 
decades, environmental concerns make its continued expansion problematic. If the conditions for 502 
fish production continue to deteriorate, then the challenges facing the global food system will be 503 
harder still.   504 
 505 
The literature concerned with assuring food security calls for systemic approaches to analytical 506 
frameworks that can link food demand, technological alternatives, resource endowments, and 507 
comparative regional advantages explicitly into account at the global level.  We propose and 508 
apply such a framework and formulate a set of scenarios to examine more closely the 509 
contribution of fish to the human diet.  We estimate the money value of preserving fish in the 510 
diet by evaluating the physical implications and economic costs of substituting fish protein by 511 
alternative protein sources, namely meat, grains and legumes, or dairy products.  We use an 512 
input-output model of the global economy formulated as a constrained optimization problem that 513 
allows for choices among alternative production options within and among regions based on the 514 
logic of comparative advantage.  The model is applied to a database incorporating substantial 515 
detail about the region-specific production of fish and meat products, crop agriculture, and 516 
regional factor endowments and factor prices.   517 
 518 
We find that the world economy can adjust to the loss of fish in the diet at substantially lower 519 
cost by increased reliance on protein from grains and legumes than from meat or from dairy 520 
products. If all fish were substituted by meat, we estimate the annual money cost of the 521 
additional factors of production, including rents on scarce resources, at close to $2.8 trillion a 522 
year. The need to engage higher-cost producers results in substantial increases in the prices of 523 
foods related directly and indirectly to meat production, with rents received by those with 524 
property rights to resources that become scarce. Additional economic costs incurred in the 525 
substitution of fish by dairy amount to about $3 trillion a year, with even higher increases in the 526 
prices of livestock-related products. These two scenarios require expansion of meat-related 527 
sectors, but the regional distribution of related outputs changes only slightly. Most of the 528 
increase in livestock production and processed meat output is located in Brazil, Russia, the 529 
United States, and the European Union, sometimes joined by other Latin American countries. By 530 
contrast, increments in grain output are concentrated in Southeast Asia, the European Union and, 531 
to a lesser extent, in India (see Tables S9-S14 in the SI). 532 
 533 
  15 
The substitution by grains and legumes, while requiring a substantial shift in the relative 534 
importance of crop production and animal husbandry, results in lower additional economic costs 535 
of $1.8 trillion a year, making it the least costly of the options considered. Lower demand for 536 
land and water for livestock production (relative to the other scenarios) leads to a shift in the 537 
geographical distribution of grain output, mainly in the European Union, Canada, and North 538 
Africa, whereas Southeast Asia experiences a substantial decrease in its grain output.  The 539 
substitution by grains and legumes requires greater increases in water withdrawals and expansion 540 
of cropland but much lower use of pastureland (compared to the substitution by meat or dairy), 541 
the main reason for its lower cost. 542 
 543 
The modeling framework employed in this study makes it possible to capture interdependencies 544 
among changes in the composition food demand, choices among production technologies, and 545 
constraints on resource availability.  One refinement for future work is to improve our 546 
assumptions regarding the nutrient equivalence of different protein sources by measuring dietary 547 
components in mass and nutrient content and take both into account in different contexts. That 548 
would contribute to the ongoing effort to measure products and factors in input-output databases 549 
in appropriate physical units. In particular, the aggregation of sectoral data in the GTAP database 550 
leads us to recognize the importance of having more detailed representations of production 551 
technologies and inter-industry linkages informed by researchers of the sectors involved. Second, 552 
a quantitative description is needed for the input structures for confined animal production for 553 
fish (aquaculture), poultry, livestock, and other animals, preferably also in collaboration with 554 
researchers with expertise on this subject. These sectors require closer examination as it appears 555 
likely, according to our results, that they can be increasingly cost-competitive as alternative 556 
technologies to those facing tighter constraints on resource availability. The production 557 
technologies need to take account of feed requirements, health of confined animals, and safe 558 
handling of animal wastes, preferably their recovery for fertilizer or fuel. 559 
 560 
In future work we expect to introduce economic dynamics into the WTM/RCOT modeling 561 
framework for closer examination of alternative ways of providing for infrastructure 562 
requirements.  The functioning of freshwater fisheries is now challenged by a wave of dam 563 
construction throughout the developing world, including the mega-scale Grand Inga on the 564 
Congo River, numerous dams planned for the Blue Nile in Ethiopia and the Mekong in Southeast 565 
Asia, and the Belo Monte on the Amazon River.  While these offer advantages for development, 566 
they are disruptive of the human communities and the ecosystems they affect.  Options for the 567 
provision of water, food, electric power, and transportation are highly interconnected.  The 568 
framework for scenario analysis utilized in this study can be valuable in the context of cross-569 
disciplinary collaboration to examine the trade-offs among different approaches to achieving 570 
economic development that is environmentally sustainable. 571 
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Figure 1. Supply of dietary fish and meat in 2013 by continent as a fraction of total animal protein 873 
 874 
 875 
Source: The authors based on data from FAO (2015). 876 
 877 
Note: The fractions provided by meat plus fish do not sum to total animal protein, which also 878 
includes dairy and other products. 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
 895 
 896 
 897 
  24 
 898 
 899 
 900 
Figure 2. World Fish Capture and Aquaculture 1950-2013 901 
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Source: The authors based on data from FAO (2015). 905 
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Figure 3. Difference in Costs of Each Scenario Relative to the Baseline (S0) at Gradual Substitutions of 929 
Fish Protein 930 
 931 
Source: Model results. 932 
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Table 1: Design of Scenarios 957 
Scenario Assumptions 
S0   Baseline 2007  
S1A   Substitution of fish 
by livestock 
 
Including intermediate 
substitutions of 25%, 50%, 
75% of fish by livestock 
* Intermediate and final demand for fish and processed fish set to zero 
* Intermediate and final demand for livestock and processed meat increased 
to compensate 
* 10% of savanna and grasslands increase in pastureland endowments 
* Suitable cropland area (unmanaged) increase in cropland endowments 
* Relaxation of livestock, fish and food industry sectors capital constraints 
S1B   Substitution of fish 
by legumes and grains 
* Intermediate and final demand for fish and processed fish set to zero 
* Intermediate and final demand for grains, legumes and vegetables (fresh 
and processed) increased to compensate 
* Relaxation of livestock, fish and food industry sectors capital constraints 
S1C   Substitution of fish 
by dairy products 
* Intermediate and final demand for fish and processed fish set to zero 
* Intermediate and final demand for dairy sources (raw milk and dairy 
products) increased to compensate 
* Relaxation of livestock, fish and food industry sectors capital constraints 
S2   Substitution of 
livestock by fish 
* Intermediate and final demand for livestock and processed meat set to zero 
* Intermediate and final demand for fish and processed fish increased to 
compensate 
* Relaxation of livestock, fish and food industry sectors capital constraints 
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Table 2: Output from the Livestock, Processed Meat and Grain Sectors Under the Fish to Meat scenarios (S1A), the Fish to Legumes 
Scenario (S1B), and the Fish to Dairy Scenario (S1C), and Percentage Change Relative to the Baseline Scenario (S0) 
 
Selected sectors 
Fish to Meat 
Fish to Legumes and 
Grains Fish to Dairy 
Scenarios in S1A Scenario S1B Scenario S1C 
25% 50% 75% 100%   
109 USD % change 109 USD % change 109 USD % change 109 USD % change 109 USD % change 109 USD % change 
Livestock 1,151 20 1,242 29 1,307 36 1,332 39 1,212 26 1,211 26 
Processed Meat 1,045 34 1,164 50 1,319 69 1,357 75 901 16 1,188 53 
Grains 814 5 812 5 825 6 852 10 838 8 812 5 
  
 
Source: Model results. Tables S9 and S10 in the SI show the regional breakdown for these figures.   
 
 
 
 
 
1 
 
 
Table 3: Factor Use under the Fish to Meat Scenarios (S1A), Fish to Legumes and 
Grains (S1B), and Fish to Dairy (S1C), and Percentage Change Relative to the 
Baseline Scenario (S0) 
 
 
Scenarios 
Water  Pasture Land Cropland 
km3 % 106 ha % 106 ha % 
Fish to Meat 25% 3,414 6 2,655 4 925 3 
S1A 50% 3,395 6 2,868 12 967 8 
  75% 3,498 9 3,098 21 945 5 
  100% 3,537 10 3,302 29 1,133 26 
Fish to Legumes and Grains 
3,697 15 2,589 1 1,137 26 
S1B 
Fish to Dairy Products 
3,620 13 3,201 25 1,162 29 
S1C 
 
Source: Model results.  
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Table 4: Percentage Change in Prices of Agricultural and Food Products under All the 
Scenarios Relative to the Baseline Scenario (S0). 
 
Fish to meat 
S1A 
Fish to 
legumes and 
grains 
Fish to 
dairy 
Sector 25% 50% 75% 100% S1B S1C 
Raw milk 0 3 14 88 7 134 
Processed meat 0 0 9 82 0 25 
Livestock (bovine, sheep, goat) 0 5 18 72 6 68 
Other Animal Products 0 3 13 69 7 76 
Dairy  0 1 4 25 4 40 
Wheat 0 0 3 10 9 6 
Cereal Grains  0 0 2 9 8 9 
Paddy and Processed Rice 0 0 5 8 18 6 
Crops  0 0 1 8 7 3 
Textiles 0 0 3 0 1 12 
All other sectors <1 <1 <1 <5 <6 <4 
Note: Sectors are identified in Table S3 in the SI. 
Source: Model results, in declining order of price increase. 
 
 
 
 
 
